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Telomeres are nucleo-protein structures 
that protect chromosome ends against 
degradation, fusion, recombination and 
recognition by the DNA damage machin-
ery and at the same time facilitate repli-
cation of the ends of linear eukaryotic 
chromosomes.1 The maintenance of 
telomere length depends on telomerase, 
a ribonucleoprotein complex that uses its 
RNA template to elongate the telomere 
by addition of G-rich telomeric repeats 
to the terminal 3' overhang. Synthesis of 
the complementary 5' C-rich telomeric 
strand is driven by conventional DNA 
polymerases.2
In the budding yeast Saccharomyces cer-
evisiae, the ends of chromosomes contain 
a 250–300 bp array of TG
1-3
 repeats. The 
extreme ends of telomeres consist of a 12–14 
nucleotides 3' single-stranded overhang 
except in late S phase when longer over-
hangs are detected.3 The essential repres-
sor/activator protein 1, Rap1, is specifically 
associated with telomeric duplex DNA 
repeats4 while the single-stranded G-rich 
overhang is bound by Cdc13 belonging 
to the CST complex (Cdc13/Stn1/Ten1) 
that plays a major role in telomere end 
protection and telomere elongation.5 The 
CST complex protects telomere ends and 
recruits DNA polymerase alpha, which 
synthesizes the complementary C-strand 
by virtue of the ability of Cdc13 to inter-
act with the Stn1/Ten1 proteins. Cdc13 
is also essential for telomere access by the 
telomerase complex through an interac-
tion with Est1, a subunit of the telomerase 
holoenzyme that contains the protein cat-
alytic subunit Est2 and its integral RNA 
template TLC1.6 In budding yeast, G-tail 
formation involves the MRX (Mre11/
Rad50/Xrs2) complex, which controls one 
of the two distinct but partially comple-
mentary pathways of nucleolytic resec-
tion at telomeres.7 In addition, the MRX 
complex has been shown to be required 
for the robust association of telomerase 
with telomeres, by promoting the binding 
of the kinase Tel1 to short telomeres via a 
specific interaction with Xrs2.8 Binding of 
the MRX complex to telomeres has been 
shown to be negatively regulated by long 
telomeric tracts.9 Therefore, binding of 
MRX is favoured at short telomeres and is 
sufficient to explain the binding of Tel1 to 
these ends that are therefore preferentially 
elongated by telomerase.10
The notable difference between telom-
eres and DNA double-strand breaks 
(DSBs) is in the cellular response to these 
structures. Whereas telomeres are rela-
tively inert and stable, DSBs are imme-
diately recognized by the MRX complex, 
leading to Tel1 activation. In S/G
2
 phase, 
DSBs are extensively resected into 3' 
single-stranded overhangs, which are 
coated by replication protein A (RPA). 
RPA is the lynchpin in subsequent cell 
cycle checkpoint and recombinational 
repair events by recruiting the Mec1-
Ddc2 and Ddc1-Rad17-Mec3 checkpoint 
complexes, and the key recombination 
protein Rad52. In budding yeast, Rad52 
is required for the recruitment of down-
stream recombination factors includ-
ing the Rad51 recombinase, Rad59, the 
Rad55-Rad57 mediator and the Rad54 
SWI/SNF homologue.11
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pathway that triggers relocalization to the 
nuclear envelope.22 These studies parallel 
those from S. Gasser’s group showing that 
a unique irreparable HO-induced DSB or 
replication fork-associated breaks relocal-
ize to the NPC. This localization depends 
on an intact NPC, the ATR-related kinase 
Mec1 and on the SUMO-regulated Slx5/8 
ubiquitin ligase complex.23 Moreover, a 
previous study indicated that Mec1 accu-
mulates to an irreparable HO-induced 
DSB via an interaction between its associ-
ated protein Ddc2 (ATRIP) and the sin-
gle-strand binding protein RPA and that 
Rad51 reduces Mec1 accumulation at the 
processed break,24 indicating that Rad51 
filaments and RPA coating represent com-
peting structures at DSBs and potentially 
also at eroded telomeres.
In this context, we show that telom-
erase-negative cells bearing a single very 
short telomere senesce earlier, demonstrat-
ing that the length of the shortest telom-
ere in the cell is a major determinant of 
the onset of senescence. Remarkably, we 
observed that some cells keep on dividing 
for some generations despite a complete 
erosion of their very short telomere. From 
these results, we have proposed that in the 
absence of telomerase, a very short telom-
ere is first maintained in a pre-signaling 
state and then switches to a signaling state 
leading to senescence through a Mec1-
dependent pathway.25
Collectively these papers suggest 
that unrepaired DSBs as well as eroded 
telomeres may exist in two different 
states leading to distinct fates. The first 
state would promote telomerase recruit-
ment, Mps3-dependent tethering to the 
nuclear envelope and telomere addition, 
while the second state would lead to Mec1 
recognition, checkpoint activation, and 
relocalization to the NPC, where recom-
binational repair is promoted (Fig. 1). 
Since the recruitment of Mec1 to irrepa-
rable breaks is mediated by RPA while 
telomerase recruitment depends on Cdc13 
and yKu,26,27 we speculate that RPA, yKu 
and Cdc13 may compete for the binding 
to resected telomeres to direct their fate.
The role of the Mps3-dependent teth-
ering would be to protect chromosome 
ends from erroneous telomere recombi-
nation by stimulating telomerase activity, 
while relocalization to the NPC would 
being recognized by Cdc13 and RPA. In 
the absence of telomerase, recruitment of 
Rad52 would serve as an alternative path-
way to repair telomeres after such acciden-
tal replication fork collapse.
The other striking observation of our 
study is that the eroded telomeres, while 
remaining at the nuclear periphery, move 
from their membrane anchor sites to the 
nuclear pore complexes (NPCs).17 This 
association is strongest after about 55 gen-
erations after the loss of TLC1 expression 
and ends approximatively after 70 genera-
tions, e.g., during the time by when sur-
vivors arise. In telomerase positive cells, 
budding yeast telomeres are normally clus-
tered into 4–6 foci at the nuclear periph-
ery through two redundant pathways 
involving the silent information regulatory 
protein Sir4 and the yKu heterodimer.18,19 
The anchoring of telomeres to the nuclear 
envelope mediated by Sir4 relies on its 
interaction with Esc1, a protein exclusively 
associated with the inner face of the nuclear 
envelope19 while the perinuclear anchoring 
activity of yKu depends on the interaction 
between telomere-bound telomerase and 
the integral nuclear membrane protein 
Mps3.20 Interestingly, in an independent 
study, Oza et al. (2009) demonstrated 
that unrepaired or slowly repaired DSBs 
formed within an asynchronous cell 
population are sequestered at the nuclear 
envelope through a process that requires 
the telomerase holoenzyme and Mps3.21 
Indeed, robust recruitment of Cdc13 
and Est2 to the irreparable HO-induced 
DSB was shown with kinetics that follow 
the recruitment of Mps3. Furthermore, 
recruitment of Cdc13 to the DSB was 
shown to require the activity of Mre11 
and the recombination protein Rad51 
suggesting that in the absence of Rad51, 
RPA may prevent Cdc13 occupancy at the 
DSB. Another concomitant study reveals 
that at a persistent DNA break, after DNA 
resection and RPA recruitment, Rad51 
spreads chromosome-wide bidirection-
ally from the DSB. The persistent DSB is 
later associated with the nuclear periphery 
in the vicinity of Mps3, in a process that 
requires Rad51 and the histone variant 
H2A.Z.22 H2A.Z is largely evicted from 
the break hours before the DSB relocalizes 
to the periphery suggesting that eviction 
of H2A.Z facilitates a signal transduction 
In budding yeast lacking telomerase, 
telomeres reach a critical short length and 
enter replicative senescence after about 50 
generations.12 Many factors cause telomere 
erosion. First, the lagging strand replica-
tion machinery is unable to fully copy 
the parental strand. Second, the parental 
strand replicated by the leading strand 
machinery is thought to be trimmed by a 
5' exonuclease activity directly coupled to 
passage of the replication fork. Third, the 
various chromatin structures that form at 
telomeres are a source of difficulties for 
passage of the replication fork.13 Several 
reports suggest that replication forks can 
pause naturally at telomeres in both bud-
ding and fission yeast.14-16 Current models 
stipulate that replicative senescence results 
from uncapped telomeres being recog-
nized as DSBs. In a recent study, we have 
shown by single cell analysis and chro-
matin immunoprecipitation that loss of 
telomerase is accompanied by an ordered 
recruitment of Mre11 protein, Cdc13 the 
telomere sequence-specific single-stranded 
DNA binding protein, RPA, the ATRIP-
like Ddc2 checkpoint protein, and the 
Rad52 recombination protein.17 We 
observed that this DNA damage response 
at telomeres starts many generations 
before the onset of senescence and that a 
single short telomere is sufficient to induce 
the recruitment of recombination pro-
teins. Interestingly, a single Cdc13 focus 
is observed during the collective shorten-
ing of all telomeres in telomerase-negative 
cells without affecting the organization of 
telomeres into 4–6 clusters at the nuclear 
periphery. To explain these findings, 
we have proposed two models. Firstly, a 
burst of resection could occur at a single 
telomere in S phase among a population 
of cells exhibiting a gradual shortening of 
telomeres. The predominant binding of 
Cdc13 rather than RPA to the generated 
single-stranded TG
1-3
 overhangs likely pre-
vents the formation of a recombination-
proficient RPA filament and subsequent 
recruitment of the Rad52 recombination 
protein. Only when resection extends into 
subtelomeric regions, RPA and Rad52 are 
recruited to initiate homologous recom-
bination. In a second model, the early 
telomere damage response could result 
from accidental replication fork collapse 
at a telomere, which would expose ssDNA 
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favor recombination as a last resort instead 
of telomere fusion by non-homologous 
end-joining. Indeed, genetic studies indi-
cate that the Rad52 recombination path-
way becomes essential in yeast carrying 
nuclear pore deficiencies.28 Moreover, it 
has been shown that telomere tethering at 
the nuclear periphery was essential for effi-
cient DSB repair in subtelomeric region29 
and that nucleoporins are required for the 
establishment of appropriate sumoylation 
of several cellular proteins by maintaining 
proper levels of the SUMO-deconjugating 
enzyme Ulp1 at NPCs.30 Both increase and 
decrease in the levels of SUMO-conjugates 
were observed in NPC mutants as well as 
in a ulp1 mutant.30 Taken together these 
results indicate that the nuclear pore com-
plex may play a role in recombinational 
repair of DSBs and eroded telomeres by 
modulating the sumoylation of DNA 
repair proteins. Interestingly, the poten-
tial role of homologous recombination in 
repairing these short telomeres is likely 
relevant also to wild-type cells, where 
colocalizing Cdc13 and Rad52 foci are 
frequently observed.17
One may raise the question whether 
relocalization of the persistent DSBs to the 
Mps3 sites at the nuclear envelope precedes 
association with the NPC as proposed by 
Gartenberg.31 In support of this model the 
results from Oza et al. (2009) suggest that 
a persistent DSB first experiences telomere 
addition, but if the end lacks sufficient TG 
repeats, it then hands the DSB off to the 
NPC where alternative repair pathways 
are likely to occur.21 Therefore irreparable 
DSBs and eroded telomeres appear to be 
channeled into the same pathway.
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Figure 1. Model for two-step response to eroded telomeres. Initially, eroded telomeres are main-
tained in a pre-signaling state via Mps3-dependent tethering at the nuclear envelope (NE). This 
state promotes telomere addition by telomerase (i). Subsequently, persisting eroded telomeres 
relocalize to the nuclear pore complex (NPC), where homologous recombination is promoted, 
and they switch to a Mec1-dependent signaling state, leading to replicative senescence (ii). SPB, 
spindle pole body.
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